Introduction
In injection molding, a molten polymer is injected into a relatively cold mold. High hold pressures are set during the cooling to generate a post-filling, which compensates the volumetric shrinkage of polymer due to its cooling. Cooling and solidification start as soon as the melt is in contact with the mold walls. As a consequence, polymer solidification occurs under different pressure levels at different times. Thermal and pressure-induced stresses build up in the shell layer, which give rise to part shrinkage and to residual stresses after ejection [ Viscoelastic models better predict a part warpage due to an asymmetric cooling. As in-plane shrinkage before part ejection is constrained, high in-plane tensile stresses develop and relax [CHA 95 ]. Busko and Stokes [BUS 95 ] who developed a fully viscoelastic code, showed that warpage is predicted to increase linearly with the temperature difference of mold walls.
For corner sections, heat transfer during cooling is slower inside the corner than outside, and it causes an asymmetric cooling, which generates a specific stress build up [KAM 96 ] and an angle deformation [JAN 98 ]. Moreover asymmetric contact conditions between the polymer and the mold surface because of mold constraints may also play an important role [DEL 00a ]. This asymmetric cooling in corner sections is the first known phenomenon, which may cause a corner deformation.
Spring forward effect

Previous works
The second phenomenon, which leads to a corner warpage was first described for thin compression molded SMC parts [NEI 88] and is called "spring forward effect". Due to the large ratio of fiber-length to part-thickness, most fibers in SMC parts are oriented in the planar direction leading to higher thermal expansion coefficient in the thickness direction as compared to the in-plane one. When the part cools after polymer curing, a decrease of the enclosed angle in a corner occurs after mold extraction. Osswald et al. [OSS 94] or Wiersma et al. [WIE 98 ] predict a "spring forward effect" of about 1 ° from thermoelastic and viscoelastic calculations.
Measurements of corner warpage in the injection molding of short-fiber-reinforced thermoplastics were compared to the predictions of a structural mechanical model in which anisotropic material properties (modulus and expansion coefficients) are introduced [MLE 99] : corner deformation vary between 3° and 5°, but thickness and corner radius variations have a smaller effect on the angle deformation of about one degree. The measured angle deformation of non filled polymers is found lower than the one for fiber-filled polymer.
The purpose of this paper is to assess the relative importance of the thermal effect and the spring forward effect for thermoplastic molded parts. This last effect is not taking into account by the commercial codes for angle deformation prediction of injected parts.
Phenomenological aspects
In injection molding of thermoplastics, the in-plane shrinkage Sx is much lower than the shrinkage in the thickness direction Sz because, due to geometry and friction between polymer and mold wall, the part is constrained during the cooling and the polymer solidification (see experimental results : Table 1 and Table 2 ).
Let us develop a very simple analytical model on a round corner to illustrate the phenomenon and to get an indicator of the spring forward effect, which is linked to shrinkage anisotropy (Fig.1) . Let us consider a round corner, where the inner mold radius of the corner is R, the angle between the two flat parts is α, the mold thickness is t.
Figure 1. Schematic representation of shrinkage anisotropy influence on a round corner deformation
An in-plane skrinkage Sx and a thickness shrinkage Sz deform a round corner as seen in Fig. 1 . The length of the inner side of the corner becomes equal to αR(1 -S X ), the length of the outer side becomes equal to α(R + t)(1 -S X ), and thus the corner radius becomes equal to R(1 -S Z ). Then the round corner angle becomes :
Based on this first order approximation, the variation of the corner angle ∆α is:
As the angle deformation is independent of the radius, the same type of calculation can be done for a sharp corner (Fig. 2) . The angle deformation is equal to:
( ) The angle deformation indicator of a round corner (2) is greater than the one of a sharp corner (3), which is generally in contradiction with the experiment, but the anisotropic shrinkage hypothesis is not realistic locally in the sharp corner.
According to measured shrinkage values in our experimental study (Table 2) , our spring forward effect indicator can be very important with an order of magnitude of 4° for injected PP.
Experimental
The injected part
An experimental mold developed by Solvay, and based on an old IKV design, was mounted on a DK CODIM Injection press with a clamp force of 1750 kN. The Symmetry plane
deformation of four corners of the injected part (Fig.3) are studied: the radius of the corners A1, A2 and B1 is 4mm, the corner B2 is a sharp corner. The thickness of the cavity is 2.5 mm, except for the end-flow plane surfaces, which are 2-mm-thick. The width of the cavity is 40 mm. The cavity is directly fed by the sprue and is equipped with a Kistler 6157 piezoelectric pressure transducer, positioned at 30 mm from the filling end. 
Material and injection conditions
The material used for the experiment is a homopolymer polypropylene from Solvay: Eltex PP HV 252 (MFI=11 g/10min for 2.16 kg at 230°C). To vary the shrinkage anisotropy, the PP matrix was also reinforced with 30% by weight ratio of a mica (MU85 supplied by CMP-France).
The melt temperature was set to 220°C, the injection time is 1.7 s (flow rate ≈ 16 cm 3 /s). The switch-over to packing phase was based on cavity pressure, and was adjusted to get about 98% full shortshot and to avoid a high cavity pressure overshoot. The total cooling time was 30 s. The mold temperature was set to 40°C. To study the thermal asymmetry effect, we varied the temperature difference between the moving half and the fixed half of the mold.
Sx
Nozzle hold pressure varies from 25 MPa to 75 MPa. As the sprue directly feeds the part, we obtained different packing levels by using a shutting nozzle and a constant hold pressure. We made vary the opening time of the nozzle after the filling: 1.3 / 5.3 / 11.3 and 18.3 s (Fig. 4) . A low value of holding pressure (25 MPa) was chosen to avoid mold deformation and scattered thickness shrinkages [DEL 00b]. Three sets of injection conditions were used and are described in Table 1 . 
Shrinkage and angle measurements
To correlate angle deformation and spring forward effect, a mean angle deformation indicator (3) was determined: the local shrinkage in thickness direction Sz was measured in the middle of the corners A and B, a mean in-plane shrinkage for each side of the part was determined by comparing mold and part distances between two corners as described in Fig. 3 .
Sz is determined by comparing the local part thickness and the cavity thickness [4] . The thickness cavity was measured by filling it with a polyurethane resin, which has a cure shrinkage lower than 0.05%. Mold temperature was set to 40°C and clamp force to 1750 kN as in injection conditions.
[4]
Mold geometry (angles and dimensions) was measured on a 3D measurement machine. 
Model
The main aim of this modeling is to get a first estimate of the respective influences of thermal effect and spring forward effect.
The ABAQUS finite element software is used. Part modeling is made up with 150 two dimensional continuous elements (CPS4T) (Fig. 5) . These elements have a plane stress formulation (the part is considered to be free to warp in the third direction). A bilinear displacement interpolation and a linear temperature interpolation is used. All elements are oriented to comply with the direction of shrinkage orthotropy.
Each part of the mold is made up with 75 CPS4T elements.
Initial conditions
At the beginning of the calculation, the cavity is full of polymer at a temperature of 220°C. The mold temperature is 40°C. The filling, which is not taking into account in the modeling, has obviously an influence on the heat transfer and on the thermal and pressure-induced stresses build up. A more precise calculation could be done by using as initial conditions a result of a filling analysis, but we recall that the aim of the calculation is only to show that the order of magnitude of corner deformation can be predicted by taking into account the spring forward phenomenon.
Boundary conditions
To include mold effects on heat transfer, a constant temperature is applied at 11 mm far from the polymer interface. This distance corresponds to the distance between polymer surface and the location of cooling channels. Symmetric mechanical and thermal conditions are applied on the symmetry plane (Fig. 5) .
Simulation is made with a two-step analysis. In the first one, the part is maintained 30s in the mold, which is cooled with balanced (40°C-40°C) or unbalanced temperature (20°C-60°C). The part cools to ambient temperature in the second step. 
Constitutive equations
The solidification temperature is constant and set to 130°C. Above 130°C, the polymer is considered as purely viscous.
An elastic model was firstly considered to test the numerical model. In that case thermoelastic dependency is given by a set of values of the elastic modulus (and other material properties, for example conductivity) versus temperature. Orthotropic expansion coefficients are determined so that final shrinkages are equal to measured shrinkages (Table 2) . Thus the packing effect on in-plane and thickness shrinkages is simulated by two distinct expansion coefficients.
The calculation gives almost the same predicted angle deformation as those calculated with Eq. 2. Corner shrinkage only depends on the initial and final temperature for such a purely conservative behavior. Besides, the unbalanced temperature between the two parts of the mold has no influence on final angle value, as the part is entirely solidified before ejection. The part deformation is only modified just after ejection, before temperature homogenization.
These results are not conflicting with those of Jansen et al. [Jan 98]. In fact, the authors show in the case of an isotropic model that solidification pressure distribution in the thickness can be responsible of part shrinkage. They relate residual stresses and consequently the shrinkage to :
• the gap between solidification temperature and the temperature distribution through the part thickness in the one hand, • and the pressure at polymer solidification on the other hand.
But in our case, we have deduced from experimental results that corner deformation cannot only be related to pressure effect (Holding pressure tends to reduce this angle deformation). So if pressure is not considered in the model, the thermoelastic behavior could predict corner deformation due only to the non homogeneous temperature through the part thickness. It is thus natural that after the homogenization of the temperature that residual shrinkage vanishes. Even if orthotropic behavior is introduced, its effect can be observed just only after part ejection (before homogenization of temperature).
As a conclusion, if no relaxation effects are considered, corner deformation do not depend on an asymmetric cooling when holding pressure is low or equal to zero. Then it is important to take in account viscoelastic behavior of the polymer to get a more realistic approach of the mechanical dissipation within the mold.
To describe the viscoelastic behavior, we have chosen a model expressed by a multimode Prony series where relaxation modulus is given by:
where To is the reference temperature (29.15°C). Table 3 gives the values of (g k , τ k ) where
. The model coefficients were identified from DMTA measurements (G' and G'' master curves at a temperature of 29.15°C) done by Giroud [GIR 01]. A WLF temperature dependence was used. Equivalent time is given by shift factor:
where a(T) is given by:
where C1=85.5 and C2=194.3 K. Table 3 . Identified relaxation moduli
Discussions and results
Asymmetrical mold cooling influence on part deformation
When the two parts of the mold are regulated at different temperatures, the effect on the part deformation can be important (Fig. 6) . But it is necessary to distinguish the deformation around the corner and the deformation of the initially flat surfaces.
The warpage of flat surfaces is actually due to a thermal effect. During cooling in the mold, stresses partly relax. But just after ejection, the two sides of the solid polymer do not have the same temperatures due to an asymmetrical cooling in the mold. After temperature homogenization, the warmer side shrinks more, which bends the part. This effect cannot be explained by a crystallinity difference in our injection case because the PP crystallinity only decreases of about 10% in the first 200 µm near the polymer surface [LAC 00]. This effect can be shown by simulation (Fig. 7) , but in our calculation hypothesis, only a viscoelastic calculation leads to a surface warpage. As pressure of solidification is not modeled, the purely elastic calculation for the solid gives no deformation after temperature homogeneization, even with a temperature-dependent modulus. 
Asymmetrical mold cooling influence on angle deformation
An asymmetrical mold cooling gives the same trend for the corner deformation (Fig.8) : a higher temperature in the inner side of the corner than in the outer side leads to a higher closing of the angle. A difference of 40°C between the two sides of the mold produces a variation of about 1.5°.
Figure 8. Influence of an asymmetrical mold cooling on the angle deformation (Injection conditions: series A)
But when the two sides of the mold are regulated at the same temperature, the angle deformation remains significant and varies between 3° and 5°. The temperature field before ejection in Figure 5 shows the corner thermal effect: although the two parts of the mold are regulated at the same temperature, we observe a higher temperature in the inner corner part than in the outer one. The simulated angle deformations, which only take the thermal effect into account are low and even negative for a higher outer mold part temperature (Fig. 9) . These predicted angle deformations are realistic compared to the measured effect due to an asymmetric cooling (about 1.5°C for a difference of 40°C between mobile and fixed mold parts - Fig. 8 ). But the measured angle deformations are much higher, therefore the thermal effect alone cannot explain such an angle deformation of 3°.
Spring forward effect
The spring forward indicator (Sz-Sx), which is measured at about 20 mm from the two angles, only gives an order of magnitude of the real spring forward effect in the corner. Nevertheless, the variations of Sz-Sx and angle deformations are correlated with the variation of the packing time, especially for PP angles far from the gate (right graph in Fig. 10 ) and for the PP+30% mica (Fig.11 ). An increase of packing time raises the post-filling, which mainly increases the polymer thickness and so decreases thickness shrinkage. After 12s, the variation of shrinkages is low, therefore angle deformations and spring forward indicator are barely affected (for A1 and B1 of PP parts and for the angles of the filled-PP parts - Fig. 11 ).
Figure 10. Comparison between measured angle deformations and spring forward indicator (Injection conditions: series B)
For the angles A2 and B2, the correlation between spring forward indicator and angle deformations is not clear and appears only when the packing time varies between 5 and 11s. We cannot surely explain the low values of angle deformation for a packing time of 1.3s, but the filling pressure (40 MPa) is much higher than the packing pressure (Fig. 4) and the "pressure equilibrium in the cavity" could be not achieved when the nozzle shuts. 
Figure 11. Comparison between measured angle deformations and spring forward indicator (Injection conditions: series C)
After a packing time of 11s, the gate is not totally solidified because the part mass still increases (Fig. 12) , therefore the post-filling goes on and the angle deformation of the two closer angles A2 and B2 from gate still decreases. But the part seems to be solidified at the location where shrinkages are measured (further from the gate than the angles A2 and B2). The prediction of spring forward effect by using a thermo-mechanical calculation is very sensitive to the material behavior (Fig. 13 ) because thermal and pressureinduced stresses partly relax in the mold due to geometrical constraints. Therefore, orthotropic expansion coefficients adjusted to get the measured shrinkages logically give a satisfactory prediction of angle deformation, but only for a thermoviscoelastic model. 
Influence of corner geometry
The sharp corner B2 has always a greater angle deformation (less than one degree in our studied conditions) than the round corner A2, which is located in the same flow position symmetrically from the gate. This result could be explained by a greater thickness shrinkage locally in the sharp corner due to a local increase of the thickness in the sharp corner, therefore a greater "spring forward effect" occurs. It can also be explained by the asymmetrical thermal effect, which is more important for a sharp corner. This experimental result is not fully consistent with Jansen et al.
[98] et Mlekusch [99] results, but generally known and admitted by plastic molders and suppliers.
We do not have yet a mold, which allows us to do a deeper experimental study of the influence of corner geometry, but we are thinking about it. A full 3D modelling including flow and realistic polymer behaviour is needed to take into account the influence of the local geometry on the corner deformation prediction. 
Conclusion
This study allows us to say that the spring forward effect is a major source of angle deformation for injected thermoplastic parts because of blocked in-plane shrinkage during the cooling in the mold, which leads to much higher thickness shrinkages. Strong hypothesis are assumed in our thermo-mechanical calculation (especially absence of filling modeling and crystallization kinetics), nevertheless the phenomenon of angle corner deformation is shown and the order of magnitude of the predicted angle deformations are good.
The low influence of the asymmetrical thermal effect in the corner is confirmed by Hele-Shaw Moldflow simulations, where only the thermal effect can be modeled in the present commercial code. A 3D flow simulation coupled with a full 3D thermomechanical calculation, which is not available in commercial codes yet, could surely confirm the results of this study, but an accurate viscoelastic polymer behavior for the cooling of the solidified polymer should be taken into account.
